The stability of mRNA for the 8-lysin of Staphylococcus aureus was determined by measuring the residual lysin synthesis after inhibition of DNA-dependent RNA polymerase activity with rifampin. At the late logarithmic-early stationary phase of growth the 5-lysin mRNA was very stable, with a half-life of ca. 20 min. Total cellular RNA was extracted from S. aureus and translated with a modified Escherichia coli S-30 system; 8-lysin was identified amongst the translation products by immunoprecipitation and immunoabsorption. The 8-lysin synthesized in vitro was of a size similar to mature 5-lysin and did not require a signal sequence for secretion from the cell.
b-Lysin is one of the four cytolytic toxins produced by most strains of Staphylococcus aureus (14, 39) . Certain properties of B-lysin, such as thermostability, solubility in chloroform-methanol (2:1 [vol/vol]), solubility in ethanol and water (18) , inactivation by phospholipids (44) , and strong surface activity (10) , suggest an amphipathic structure. On the basis of the amino acid sequence, it has been suggested (12) that 8-lysin is an ideal candidate for the signal sequence of one or more secreted or membrane-associated proteins since it is an amphipathic peptide of 26 amino acid residues with Nformyl methionine at the N terminus.
In 1975, Blobel and Dobberstein (6) proposed the signal hypothesis for the translocation of exoproteins through membranes. It was suggested that a signal peptide initiates the transfer of proteins across the membrane and that subsequent cleavage of the signal peptide from the protein by a membrane-bound peptidase led to release of the exoprotein in its mature form. Thus, translation of mRNA species for eucaryotic secretory proteins in cell-free systems in the absence of microsomal membranes resulted in the synthesis of larger forms still containing the signal peptide (20) . A similar approach has demonstrated in vitro synthesis of proteins larger than their mature size for Escherichia coli (19, 21, 40) and Bacillus licheniformis (8) .
We report here the preparation of a heterologous system to translate total cellular RNA of S. aureus and the detection of in vitro synthesized 8-lysin.
MATERIALS AND METHODS Bacteria. S. aureus NCTC 10345, a mutant of the Wood 46 strain producing mainly 5-lysin (9) , was cultured at 37°C in yeast extract diffusate broth (4) . E. coli MRE 600, which is deficient in production of RNase 1 (29) , was cultured at 37°C in L-medium (41) . Growth of bacteria was estimated by measuring the absorbance at 650 nm of culture samples.
Extraction of total cellular RNA. Prewarmed yeast extract diffusate broth was inoculated with 5% of an overnight culture of S. aureus NCTC 10345. Cells were grown to late exponential phase, and growth was terminated by rapidly cooling the cells to 0°C in an acetone-CO2 bath. Cells were collected by centrifugation at 4°C at 16,000 x g for 10 min and washed at 0°C with standard buffer [ was added to a concentration of 3 mg ml-1, and after 15 min, the cell debris was separated from the suspension by centrifugation at 12,000 x g for 3 min. The supernatant fraction, containing most of the polysomes, was carefully aspirated with a Pasteur pipette, and the pellet of cell debris containing large amounts of trapped polysomes was resuspended in buffer and centrifuged for 3 min at 12,000 x g. The supernatant fraction was retained along with the crude polysomal fraction, and RNA was obtained from the crude pooled polysomal fraction by using chloroform-phenol-sodium dodecyl sulfate (SDS) as deproteinizing agents (34, 38) . Extracted RNA was precipitated by the addition of 2 volumes of 95% ethanol, and after standing overnight at 4°C, the RNA was collected by centrifugation for 10 min at 15,000 x g. Trace amounts of ethanol were removed by lyophilization.
Preparation of cell-free extract. An S-30 extract was prepared from E. coli MRE 600 (32) . Prewarmed L-medium was inoculated with 1% (vol/vol) of a fresh stationary-phase culture of E. coli, and growth was terminated rapidly at midlog phase by rapid cooling to 0°C. The cells were harvested and washed twice with cold buffer containing 10 mM Trishydrochloride (pH 6.8), 60 mM NH4Cl, 10 mM (CH3COO)2Mg, and 6 mM 2-mercaptoethanol before disruption by EDTA-lysozyme treatment (17) . After complete lysis, NH4Cl and 2-mercaptoethanol were added to final concentrations of 60 and 6 mM, respectively, and electrophoretically pure DNase was added to a concentration of 3 mg ml-l. After thorough mixing, the extract was clarified by centrifugation for 30 min at 30,000 x g at 4°C, dialyzed against 500 volumes of buffer for 5 h, and again clarified by centrifugation at 30,000 x g for 20 min at 4°C. The extract was stored in small portions at -196°C and was stable for at least 1 To measure incorporation of amino acids into the protein fraction, 5-,ul samples of the reaction mixture were withdrawn and spotted on to 2-cm2 pieces of Whatman 3MM filter paper and dropped into a beaker of 10% trichloroacetic acid. The trichloroacetic acid solution was then brought to a rolling boil for 10 min in a fume hood, crushed ice was added, and the trichloroacetic acid was discarded. Filter papers were rinsed twice with water, ethanol, and acetone before being air-dried and counted in a liquid scintillation spectrometer (Tri-Carb; Packard Instrument Co., Inc., Rockville, Md.) with 5 ml of toluene-based scintillant.
Immunoprecipitation. To 100-,ul samples containing 0.5% (vol/vol) Nonidet P-40 was added 10 ,ul of S. aureus Cowan 1 cells (SAC) (22) . After 10 min at 0WC, SAC were removed by centrifugation at 10,000 x g for 5 min. Anti-8-lysin antiserum (5) was added to the supernatant, and the mixture was incubated for 20 min at 0°C. Optimum amounts of anti-8-lysin antiserum were determined for each batch of antiserum and were sufficient to remove >98% of the lysin from solution by using an excess of SAC. A 20-,ul amount of SAC was then added to bind the antigen-antibody complexes, and after 15 min at room temperature, SAC were collected and washed five times with phosphate-buffered saline-Nonidet P-40 (Dulbecco phosphate-buffered saline-A containing 1 mM EDTA and 0.25% Nonidet P-40). The SAC-antigen-antibody complexes were dissolved in 60 pul of SDS sample buffer (33) and heated to 100°C for 3 min before samples were removed for liquid scintillation counting.
SAC precipitation of cell-free translation products was carried out as described above, except for the following. removed from the antigen-antibody complexes by centrifugation immediately before SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
Immunoabsorption. A glutaraldehyde-polymerized immunosorbent was prepared from anti-b-lysin antiserum (3), resuspended in a small volume of phosphate-buffered salineNonidet P-40, and incubated with an equal volume of cellfree translation mixture for 1 h at room temperature. The supernatant, containing unadsorbed proteins, was collected after centrifugation at 10,000 x g for 5 min and was analyzed by SDS-PAGE. A glutaraldehyde-polymerized immunosorbent prepared from anti-ovalbumin antiserum (16) served as a control.
SDS-PAGE. Samples were analyzed by SDS-PAGE (27).
Acrylamide concentrations were 4.5% for the stacking gel and 15% for the separating gel. After fixation, the gel was treated with En3Hance (New England Nuclear Corp., Chicago, Ill.) and dried with a Savant Instruments gel dryer at 80°C. The impregnated gel was exposed to Kodak X-Omat AR film at -80°C for 7 days, and the film was developed according to the manufacturer's instructions.
RESULTS
Stability of staphylococcal 8-lysin mRNA. Rifampin, a potent inhibitor of bacterial DNA-dependent RNA polymerase (43) , rapidly blocked the incorporation of [3H]uridine into the RNA of S. aureus NCTC 10345 at a concentration of 200 pug ml-l (Fig. 1) . The same concentration of rifampin required a considerably longer period of time to inhibit cell growth at both the midexponential and early stationary phases of growth; growth of the bacteria stopped after 1 and 2 h, respectively, under these conditions (Fig. 2) (Fig. 3) . In late-exponential-early-stationary-phase cells of S. aureus, the mRNA for 5-lysin was characterized by remarkable longevity, with a half-life of ca. 20 min.
Translation of staphylococcal mRNA. After preliminary experiments, an S-30 extract prepared from E. coli MRE 600 was used for translation of heterologous RNA. Since the S-30 extract is saturated with endogenous RNA, additional mRNA would only be translated to the extent that it competed with the endogenous mRNA. Incubation of the S-30 extract for 15 min at 34°C reduced endogenous activity by 65%, but it was reduced only slightly more by further incubation.
The time course of protein synthesis in vitro, directed by the optimal concentration of S. aureus mRNA, in an S-30 system is shown in Fig. 4 . At 370C, the rate of amino acid incorporation was linear for the first 15 min. After this time, the rate decreased such that by 25 min the reaction was complete. The in vitro synthesized products were separated by SDS-PAGE; several polypeptides were synthesized in the S-30 extract directed by mRNA of S. aureus. These included a polypeptide which appeared as a very diffuse band typical of 5-lysin (42) and with the same Rf value as native 8-lysin (Fig. 5) . This polypeptide was the only one to be immunoprecipitated by anti-5-lysin antiserum and the only polypeptide to be removed from the mixture by an immunosorbent prepared from anti-8-lysin antiserum (Fig. 5 and 6) . DISCUSSION Protein synthesis in S. aureus is regulated such that extensive synthesis of structural proteins and constitutive enzymes occurs during the exponential phase of growth, but the numerous exoproteins, including 8-lysin, are secreted at a high rate by intact cells of S. aureus after the end of exponential growth (1, 2) . The mechanisms regulating exoprotein synthesis in S. aureus are not known but could include competition at the level of transcription, resulting in the accumulation of exoprotein mRNA (11) . Therefore, our studies of 8-lysin mRNA metabolism in vivo and on extraction of total cellular RNA from S. aureus were carried out with late-exponential-early-stationary-phase cultures to maximize the amount of available 5-lysin mRNA.
Little or no information is available in the literature regarding the stability of mRNA in S. aureus, but by measuring the residual 5-lysin synthesis in rifampin-inhibited cultures, the functional half-life of 5-lysin mRNA in late exponential-early stationary phase was found to be ca. 20 min. Usually, in bacterial systems mRNA half-lives on the order of 1 to 3 min have been found (7, 13, 28) , but more recent studies have indicated much longer half-lives for some mRNA species (up to 20 min) (24, 37) . Thus, 5-lysin mRNA belongs to the stable fraction of the cellular mRNA pool.
A chloroform-phenol-SDS mixture was an effective deproteinizing reagent, removing 98% of protein, and with both heparin (35) and EGTA (25) as ribonuclease inhibitors, the extracted RNA was highly active in directing protein synthesis in an E. coli S-30 extract.
5-Lysin synthesized in vitro seems not to be larger than the mature, secreted form. It is unlikely that the in vitro system processed the lysin, as such processing was not detected for the penicillinase of B. licheniformis (8) . to be synthesized and secreted without a transient signal sequence (36) . It was later suggested that the signal sequence is located within the molecule (30) , and more recent studies have shown that the functional signal for membrane translocation of ovalbumin lies between residues 25 and 45 and becomes accessible when the nascent chain is 50 to 60 residues long. This hydrophobic sequence folds back on the preceding residues to form an amphipathic hairpin structure which is the signal recognized by the membrane (31) . In E.
coli, colicin El, colicin E3, and colicin E3 immunity protein are reportedly secreted in the form in which they are synthesized. They appear to leave the cell by a nonspecific mechanism which results in increased permeability or actual lysis of the producing cells (23) . We have no evidence that this occurs in S. aureus.
Turning to 5-lysin, from the published amino acid sequence (12) , there appears to be no long sequence of hydrophobic residues in one region of the molecule. As such, it is unlikely that 5-lysin could possess an internal signal sequence or itself act as a signal sequence for other secreted proteins. However, 8-lysin contains 14 hydrophobic residues and a high percentage of non-ionizable sidechain amino acids. The periodic distribution of the charged residues in 5-lysin suggests that it may adopt an a-helical structure, resulting in a laterally amphipathic rod with separate hydrophobic and hydrophilic faces (15) . We therefore propose that this strongly surface-active amphiphilic molecule represents a new class of secretory proteins in the procaryotic system that initiate translocation directly without the need for a cleavable N-terminal signal sequence in the molecule. However, the precise mechanism of translocation of 5-lysin is not clear. As highly-purified B-lysin is cytolytic towards a wide variety of membranes, including bacterial protoplasts (26) ; newly synthesized B-lysin may spontaneously insert into the lipid bilayer without topo-VOL. 44, 1984 ,.
graphic catalysis and thus be conducted directly through the bilayer.
